Electronic excitation spectrum of thiophene was investigated by the symmetry-adapted cluster ͑SAC͒/SAC configuration interaction method. Seventy singlet and four lowest triplet electronic states of thiophene were computed to give a detailed satisfactory theoretical interpretation of the vacuum ultraviolet ͑VUV͒ spectrum and the electron energy loss spectrum of thiophene. The present calculations gave the 2 1 A 1 valence state at 5.41 eV and the 1 1 B 2 valence state at 5.72 eV with oscillator strengths 0.0911 and 0.1131, respectively, and the 5 1 A 1 valence state at 7.32 eV and the 4 1 B 2 valence state at 7.40 eV with oscillator strengths 0.3614 and 0.1204, respectively. These valence-excited states were assigned to the two strong absorption bands of the VUV spectrum centered around 5.5 and 7.05 eV, respectively. A number of Rydberg transitions were obtained and assigned to the 6.0, 6.6, and 7.5-8.7 eV, etc. energy regions. The similarities and differences in the electronic excitations between thiophene and other five-membered ring compounds were discussed. The accuracy and assignment of the present results are compared with those of the recent theoretical studies by CASPT2 and multireference double configuration interaction methods.
I. INTRODUCTION
The electronic spectra of the five-membered ring compounds cyclopentadiene ͑CP͒, furan, and pyrrole have been the subjects of many experimental and theoretical studies. The interest in these molecules is not surprising, considering that these molecules are fundamental units in many important biological molecules. Furthermore, their electronic excitation spectra have received much attention in recent years as benchmark examples for theoretical studies of excited states. The electronic excited states of CP, furan, and pyrrole have been successfully studied in our recent studies 38, 39 using the symmetry-adapted cluster configuration interaction ͑SAC-CI͒ method that offers a consistent interpretation of the electronic excitation spectra of these molecules. As a series of this study, we examine here the excitation spectrum of thiophene. By a replacement of oxygen with sulfur, a second-row element, very interesting changes occur in both ground and excited states.
The electronic absorption spectrum of thiophene has been intensively investigated since the beginning of the last century. A comparison of condensed phase spectra [12] [13] [14] with gas phase data confirms the valence nature of the strong bands around 5.5 and 7.05 eV and suggests that the weak fine structure with onset around 6.0 eV is attributed to a Rydberg excited state. The magnetic circular dichroism ͑MCD͒ spectrum of thiophene [16] [17] [18] in solution of hexane shows two bands at 5.27 and 5.64 eV, respectively, having opposite signs in their B-values. Electron energy loss ͑EEL͒ spectra have been reported, [19] [20] [21] and they show that two lowest-lying triplet excited states ͑both 3 -*͒ were located at about 3.8 and 4.7 eV. These experimental data will be discussed in detail below in the light of the present theoretical calculations.
To the best of our knowledge, there have been two sophisticated ab initio studies on the excited states of thiophene. Bendazzoli et al. 12 obtained six lowest excited A 1 states ͑three for each of singlet and triplet͒, and eight lowest of each of the symmetries A 2 , B 2 , and B 1 by the configuration interaction ͑CI͒ method using a double-zeta basis set. In their study, two pairs of valence -* excited states were given in the order, 1 A 1 (middle)Ͻ 1 B 2 (middle) Ͻ 1 A 1 (strong)Ͻ 1 B 2 (very strong). More extensive ab initio study was given by the CASPT2 ͑Ref. 29͒ method giving the same intensity order as Bendazzoli's, but only the 1a 2 →n ϭ3 and 3b 1 →nϭ3 series of Rydberg states in the lower energy region were examined in the CASPT2 studies. Recently, Palmer et al. 32 reported a multireference double configuration interaction MRD-CI study, in which the intensity order of the valence -* excited states was 1 A 1 (middle) Ͻ 1 B 2 (middle)Ͻ 1 A 1 (very strong)Ͻ 1 B 2 (strong). The order of these four excited states was the same in three bases ͑DZPR, TZVP, and QZVP͒, however, the oscillator strengths were different even qualitatively. In the latest experimental vacuum ultraviolet ͑VUV͒ spectroscopic study, a number of Rydberg transitions in the energy region of 6.0, 6.6, and 7.7-8.8 eV were observed, though they were discussed only briefly since the MRD-CI energies were too high to make a theoretical assignment, especially in the higher energy region. There are still some critical inconsistencies between the a͒ Author to whom correspondence should be addressed. Electronic mail: hiroshi@sbchem.kyoto-u.ac.jp results of these two high-level ab initio studies. In particular, the calculated excitation energies and oscillator strengths for the second pair of valence -* excited states ͑ 1 A 1 and 1 B 2 , corresponding to the most intense band in the VUV spectrum͒ were quite different between the CASPT2 and MRD-CI studies.
In this article, we study the electronic excitation spectrum of thiophene by the SAC-CI method as a series of our recent studies 38, 39 on the five-membered ring compounds. There are two objectives in the present study: one is to reduce ambiguity in the assignment of the electronic spectrum of thiophene in a wide energy range, and the other is to give a theoretical basis for further experimental studies on thiophene. In Sec. II we outline the computational details. Calculated results and discussions are presented in Sec. III. A summary is given in Sec. IV.
II. COMPUTATIONAL DETAILS
All the calculations have been performed at the experimentally determined ground state geometry 40 with C 2v symmetry. The molecular plane used is on the yz-plane, and the C 2 axis on the z-axis as illustrated in Fig. 1 . The calculated excitation energies are vertical in nature.
Dunning's augmented correlation consistent valence triple-zeta ͑AUG-cc-pVTZ͒ 41 basis set was used for S and C atoms though one f-function was removed from each C atom, and cc-pVTZ 42 was used for H atoms. Additionally, a set of diffuse Rydberg functions (5s5 p5d) selected from the studies of Kaufmann et al. 43 was placed on the molecular center of the gravity to investigate the Rydberg states in a wide energy region. The total number of basis functions is 307. This type of augmented basis sets was used in the studies of Christiansen et al. 36, 37 and in our recent calculations. 38, 39 This set could describe widely different electronic structures of these five-membered ring compounds in the ground state, singlet, and triplet valence and Rydberg excited states with a high accuracy. The number of Hartree-Fock canonical orbitals, calculated by the GAUSSIAN98 package, 44 is 307, consisting of 22 occupied and 285 virtual orbitals. The selfconsistent field ͑SCF͒ occupied valence orbitals and some important virtual orbitals are shown in Table I 
III. RESULTS AND DISCUSSION
We show some important SCF orbitals in Table I . The four occupied MOs in the highest occupied molecular orbital ͑HOMO͒ region are -and lone-pair orbitals. In the unoccupied MOs, many Rydberg MOs appear first and the valence MOs appear in energy higher than 2.7 eV. The total SCF energy of thiophene is calculated to be Ϫ551.376 387 Hartree. The SAC ground-state energy is Ϫ551.667 755 Hartree, and the correlation energy is Ϫ0.291 368 Hartree.
The valence and Rydberg transitions are distinguished by the criteria discussed in our previous article 38 for the C 2V five-membered ring compounds. First, the A 2 and B 1 Rydberg states are not perturbed by the valence -* transitions. Second, the second moment of the charge distribution ͗r 2 ͘, and its components ͗x 2 ͘, ͗y 2 ͘, and ͗z 2 ͘ give the size of the electron cloud of the state under consideration. In addition, the oscillator strength has also been used by some authors [30] [31] [32] 34, 35 as an indicator to distinguish valence with Rydberg states.
The Rydberg transitions originating from the 1a 2 orbital ͑HOMO͒ are substantially different from those originating from the 3b 1 orbital ͑next HOMO, see Table I͒ , since the 1a 2 orbital has a node at the sulfur atom. For convenience, they are labeled as R and RЈ, respectively, in the present study.
The calculated excitation energies, oscillator strengths, main configurations, and second moments are shown in Table II . The calculated excitation energies which are used to assign the experimental data are shown in Table III , together with the other theoretical results by the CASPT2 and MRD-CI methods.
A. Energy range lower than 5 eV
The onset of the optical absorption in thiophene is located at 5 eV. 
B. Energy range 5-6.5 eV
The first VUV band ͑see Fig. 2 , historically denoted as bands A and B͒ is located in this energy region. The fine structure on the rising side of band A was suggested to originate from the valence state with vibrational structures. Moreover, the MCD spectrum of thiophene shows two bands at 5.27 and 5.64 eV, respectively, with opposite signs in their B-values, [16] [17] [18] and MRD-CI at 5.69 and 6.00 eV, respectively. Note that SAC-CI, CASPT2, and MRD-CI gave very similar theoretical results in this energy region. The weak fine structure around 6.0 eV ͑historically called band B͒ is absent in the condensed-phase spectra, [12] [13] [14] suggesting that this fine structure is Rydberg in nature. Palmer et al. 32 used the Rydberg equation to assign it to the 1a 2 →3s Rydberg transition, though it is symmetryforbidden. In our present calculations, the 1 1 B 1 state ͑1a 2 →* mixed with 1a 2 →3p y Rydberg͒ was calculated at 5.87 eV, the 2 1 A 2 state ͑3b 1 →* mixed with 3b 1 →4d Ϫ1 Rydberg͒ at 6.03 eV, suggesting that valence →* transition is a main component of band B. In addition, the 3s and 3sЈ Rydberg transitions were also given in this energy region. The symmetry-forbidden 1 1 A 2 state (1a 2 →3s) was given at 5.70 eV. The 2 1 B 1 state (3b 1 →3s) was given at 6.12 eV, suggesting that this weak Rydberg transition might be included in the absorption of band B. Note that 1a 2 →* and 1a 2 →*-type transitions are not mentioned in the CASPT2 study. MRD-CI calculated the corresponding states at 5.779 eV (1a 2 →3s), 6 .412 eV (Y ϩ*), 6.852 eV (Y Zϩ*), and 6.334 eV (3b 1 →3s) , respectively.
C. Energy range 6.5-7.7 eV
The second VUV band ͑historically called band C͒ is located in this region, and the maximum of the band is around 7.05 eV. The fine structure on the rising side of C band ͑around 6.6 eV͒ was suggested to associate with 3p Rydberg transitions. 5, 32 Most of the intensity in this band was assumed to originate from the excitations of the further valence -* character. 5, 32 Our present calculations strongly support this assignment. calculated excitation energies of several lowest Rydberg states are systematically lower than the experimental data, which also occurred in our previous studies for cyclopentadiene, furan, and pyrrole. The 3pЈ Rydberg series were given at 6.73 eV (3 1 A 1 ,3b 1 →3 p x ), 6.73 eV (4 1 B 1 ,3b 1 →3p z ), and 6.89 eV (6 1 A 2 ,3b 1 →3 p y ). From our present calculations these 3pЈ Rydberg transitions might also be responsible for the fine structure of the rising side of C band ͑up to 7.05 eV͒. Derrick et al. 5 supposed that the first four peaks of C band are due to p-type Rydberg excitations. In agreement with this assignment, Palmer et al. 32 assigned the peak at 6.606 eV to the 1a 2 -3p Rydberg transitions. Our present calculations support these general experimental assignments.
Our present calculations gave the 5 1 A 1 state at 7.32 eV with oscillator strength 0.3614, and the 4 1 B 2 state at 7.40 eV with oscillator strength 0.1204, which are the main components of band C. The nature of the 5 1 A 1 state is a mixture of the →* transitions ͑22→65͒ and ͑22→82͒ with ͑21→60͒. The second moment is 118.9 a.u. 2 , a little lager than that of the ground state ͑82.4 a.u.
2 ͒. The nature of 4 1 B 2 state is of strong mixture of →* transitions ͑21→65͒ and ͑21→82͒ with Rydberg transitions ͑22→26͒ and ͑21→48͒, and this mixture is responsible for the large second moment ͑176.7 a.u.
2 ͒ of this state. We conclude that a significant portion of the electronic absorption intensity of C band is due to these two valence →* excitations ͑5
1 A 1 and 4 1 B 2 ͒ above-mentioned, especially due to the 5 1 A 1 valence →* transition. Table IV shows clearly that this assignment agrees with the general trend of the most intense absorption band of the other five-membered ring compounds.
38,39 MRD-CI gave the similar trend of oscillator strengths for these two valence →* transitions, though the excitation energies in the MRD-CI study were overestimated.
Note that CASPT2 gave the corresponding valence →* excitations of the 3 1 A 1 state at 6.69 eV with the oscillator strength of 0.1850 obtained by CASSCF state interaction ͑CASSI͒ method, and the 4 1 B 2 state at 7.32 eV with CASSI oscillator strength of 0.3923. The relative intensities of these two states are calculated oppositely by CASSI to those by SAC-CI and MRD-CI methods. It deserves to be pointed out that a further polarization experimental study, e.g., magnetic circle dichroism study, on the band C is crucial in the future to verify the relative intensities of the 5
1 A 1 and 4
1 B 2 states assigned to C band.
On the higher energy shoulder of C band, our present calculations gave 3d and 3dЈ Rydberg transitions ͑see Table  III for detailed numerical results͒. There are no experimental assignments in this energy region, but we propose the existence of the Rydberg states in this energy region of the spectrum.
D. Energy range 7.7-10 eV
The fine structure in 7.7ϳ8.8 eV is suggested by the present calculations to represent the Rydberg excitations. Most of them are identified to the two Rydberg series converging to IP 1 ͑1a 2 , 8.872 eV͒ and IP 2 ͑3b 1 , 9.52 eV͒, respectively. In order to calculate Rydberg states in this region as accurate as possible we use the molecule-centered diffuse functions (5s5 p5d) in the present calculations. The 4 p, 4d, 4sЈ, 4pЈ, 5p, 4dЈ, 6p, 5dЈ, and 6d Rydberg series are computed in this energy region, and the excitation energies and the natures of electronic states are shown in Table III . Since it is the first time to make a theoretical assignment in this far ultraviolet region, there may be room left for some variation in future theoretical and experimental studies.
Palmer et al. 32 experimentally assigned the absorption at 7.786 eV to 4p Rydberg series, absorption at 7.949 eV to 3dЈ Rydberg, absorption at 8.006 eV to 4d Rydberg series, absorptions at 8.14-8.16 eV to 4sЈ Rydberg series, absorption at 8.221 eV to 5p Rydberg series, absorption at 8.317 eV to 5d Rydberg series, absorption at 8.384 eV to 4pЈ Rydberg series, absorption at 8.436 eV to 6p Rydberg series, and absorption at 8.486 eV to 6d Rydberg series. Note that this experimental assignment itself was unable to specify, for example, p x , p y , and p z Rydberg states. Our present calculations confirm that most of the Rydberg states abovementioned are located at this energy region, and support most of the experimental assignments except for the 3dЈ Rydberg assignment. Our results, as discussed in 6.5-7.7 eV energy region, gave 3dЈ Rydberg series at 7.14-7.47 eV. It is reasonable to assign the absorption 7.949 eV to the 4dЈ Rydberg series, which were computed at 7.86-8.08 eV energy region. We made a comparison between our theoretical assignments and experimental assignments in Table III . We expect that the present results will stimulate new experimental and theoretical studies on the electronic states in this far ultraviolet region.
The excitation of the lone pair electron on the sulfur atom to the * orbitals have high energy, as expected, but no experimental evidence is available: it has been suggested that the corresponding peak is covered by the -* bands. The lowest n -* state, 12 1 B 1 , is predicted at 7.86 eV in the present calculations. CASPT2 also calculated the corresponding state at 7.77 eV.
In the higher energy region of 8.8-10 eV, it seems difficult to give a confirmed interpretation since IP 1 and IP 2 are also located in this region. Our present calculations give some higher valence excitations, -* and -*, etc. in this region, which are more or less influenced by the higher Rydberg states. The detailed results are shown in Tables II  and III .
E. Comparison with other five-membered ring compounds
In Table IV , we make a comparison of the valence singlet and triplet excited states of thiophene with those of cyclopentadiene, furan, and pyrrole for which similar studies have been carried out. Furthermore, from Table V we see that the main configurations of the 2 1 A 1 states of cyclopentadiene, furan, and pyrrole are very similar, and therefore, it is easy to understand that the oscillator strengths of the 2 1 A 1 states in these three molecules are similar in magnitude. In thiophene, however, the 2 1 A 1 state is dominated by different main configurations and the weight of configuration 1 → 3 *(0.74) is much larger than those in the other three molecules ͑0.54-0.58͒. This obvious difference gives rise to a larger contribution of the configuration ( 1 → 3 *) to the transition dipole moment of the 2 1 A 1 state in thiophene. Note that the CASPT2 ͑Ref. 29͒ study showed that the 2 1 A 1 state of thiophene has the smallest weight of the doubly excited configurations among these molecules of interest. In the cases of cyclopentadiene, furan, and pyrrole, the contributions of the doubly excited configurations to the 2 1 A 1 state were large. In SAC-CI calculations, however, the contributions of doubly excited configurations to the 2 1 A 1 states are small in all four molecules. Nevertheless, both SAC-CI and CASPT2 methods give similar results on the 2 1 A 1 state of thiophene.
IV. CONCLUSIONS
An extended investigation of the electronic excitation spectra of thiophene has been carried out by the SAC/ SAC-CI method. To give a satisfactory theoretical interpretation of the VUV and EEL spectra of thiophene, the 70 singlet and four lowest triplet electronic states were computed. The calculated triplet valence →* excited states 1 3 B 2 ͑3.94 eV͒ and 1 3 A 1 ͑4.86 eV͒ agree well with the EEL spectroscopic data. Two pairs of singlet valence →* excitations were given, which span the general profile of the VUV spectrum lower than 7.7 eV. The 2 1 A 1 ͑5.41 eV͒ and a The sign of coefficients of the SCF 66th molecular orbital in pyrrole is opposite to those of the corresponding orbitals in other molecules. 1 1 B 2 ͑5.72 eV͒ states were assigned to cause most of the intensity of the first band of the VUV spectrum. The 5 1 A 1 ͑7.32 eV͒ and 4 1 B 2 ͑7.40 eV͒ states were assigned to constitute most of the second band of the VUV spectrum. Our present results suggest that the intensity of the second band, i.e., C band, is largely due to the 5 1 A 1 valence →* excited state ͑see Fig. 2͒ , instead of due to the 4 1 B 2 valence →* excited state suggested by the CASPT2 study. Polarization experiment on the C band is, therefore, very interesting. In addition, a number of Rydberg states in the energy region of 6.0, 6.6, and 7.7-8.8 eV was assigned according to our present calculations. This study gives the first theoretical assignment in the far ultraviolet region ͑7.7-8.8 eV͒ of the spectrum and is expected to provide a theoretical basis for further experimental and theoretical studies on the excited states of thiophene in this energy region.
